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FOREWORD 


This  report  supplements  Technical  Report  AFRPL-TR-68-32  dated 
December  1968  and  provides  additional  liquid  hydrogen  flow  test  data  for 
a  caviatating  venturi  throttle  valve.  The  study  and  test  program  was  con¬ 
ducted  by  TRW  Systems  in  fulfillment  of  the  requirement  of  U.  S.  Air  Force 
Contract  AF04(61 1)- 10819,  Project  Number  3058  and  Task  Number  305802 
entitled,  "Wide  Range  Flow  Control.  "  Air  Force  Project  Engineers  during 
the  course  of  the  program  were  Mr.  James  R.  Lawrence  and  Mr.  Jack 
Hartley/ RPRPD.  The  TRW  Project  Engineer  was  Mr.  F.  L.  Merritt. 

The  program  was  initiated  in  June  1965  as  a  continuation  of  effort 
under  Contract  AF04(6ll)-9100  entitled,  "Investigation  of  New  Concepts 
for  a  Propellant  Feed  System  Component,  "  Report  AFRPL-TR-65-  130. 

This  previous  program  was  carried  out  over  the  period  10  June  1963  to 
31  January  1965. 

The  liquid  hydrogen  tests  described  in  this  report  were  conducted 
for  TRW  Systems  by  Wyle  Laboratories,  Norco,  California.  Acknowledg¬ 
ment  is  given  to  H.  R.  Wheelock,  and  other  members  of  the  staff  of  Wyle 
Laboratories  for  their  efforts  in  achieving  a  successful  test  series. 

Mr.  F.  E.  Robinett  at  the  TRW  Capistrano  Test  Site  provided  assistance 
in  water  flow  testing. 

This  report  was  submitted  for  approval  in  April  1969.  This  technical 
report  has  been  reviewed  and  is  approved. 


Jack  Hartley 

Project  Engineer  (RPRPD) 


ii 


ABSTRACT 


The  objective  of  the  Wide  Range  Flow  Control  Program  was  to 
establish  propellant  flow  control  valve  technology  including  techniques 
for  mixture  ratio  control  for  deep  throttling  of  liquid  fluorine -liquid 
hydrogen  rocket  engine  systems  for  rated  thrust  levels  between  15  and  45K. 
The  eftort  described  in  this  supplemental  report  met  the  specific  objective 
of  proving  the  technique  of  controlling  the  flow  of  liquid  hydrogen  by  means 
of  a  cavitating  venturi  control  valve.  Typical  inlet  conditions  for  the 
hydrogen  during  the  tests  were  a  pressure  of  465  ±10  psia  and  a  te  pera- 
ture  of  40°  to  45°R.  The  design  mass  flow  rate  at  the  100  percent  throttle 
setting  was  2.  88  lb/ sec.  Although  the  hydrogen  flow  stream  was  at  a 
supercritical  pressure  it  was  demonstrated  to  act  as  a  subcritical  cavi¬ 
tating  liquid  at  the  low  static  pressures  prevailing  in  the  valve  throat. 

The  feasibility  of  control  was  demonstrated  over  a  flow  range  in  excess 
of  50  to  1  with  valve  overall  differential  pressures  from  20  to  400  psid. 

A  recovery  of  92  percent  on  the  cavitation  line  at  full  throttle  position  was 
observed.  A  discharge  coefficient  of  0.  9  from  2  to  10  percent  and  0.  875 
from  20  percent  through  110  percent  was  calculated  from  the  data. 
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SECTION  I 


INTRODUCTION 


This  report  supplements  the  Wide  Range  Flow  Control  Program  Final 
Report,  Reference  1.  The  effort  described  involves  water  and  liquid  hydro¬ 
gen  flow  tests  of  a  variable  area  cavitating  throttle  valve.  The  tests  con¬ 
stitute  a  final  effort  in  the  program  which  was  vital  to  establishing  the 
feasibility  of  application  of  the  cavitating  venturi  principle  to  control  of 
liquid  hydrogen.  The  tests  are  a  continuation  of  the  work  described  in 
Section  VII  of  Reference  1.  The  liquid  hydrogen  flow  tests  were  conducted 
by  Wyle  Laboratories  at  their  Norco  facility.  The  design  of  the  test  valve 
is  described  in  the  report  (Reference  1).  Modifications  made  for  this  test 
series  are  described  in  Section  III  of  this  report. 

1.  1  TEST  OBJECTIVES 

The  specific  objectives  of  the  flow  test  effort  were: 

•  To  prove  the  feasibility  of  the  cavitating  venturi  for  control  of 
liquid  hydrogen  at  supercritical  inlet  pressure  conditions. 

•  To  demonstrate  achievable  accuracies. 

e  To  observe  c  fferences  between  predicted  and  test  parameters. 

•  To  provide  engineering  data  for  discharge  coefficient,  recovery 
pintle  contour  characteristics,  and  vibration  characteristics 

as  available. 

The  theoretical  flow  process  from  a  thermodynamic  standpoint  is 
illustrated  by  the  portion  of  the  temperature -entropy  diagram  fu *  para- 
hydrogen  shown  in  Figure  1.  As  discussed  in  Section  III  of  Reference  1, 
the  acceleration  process  from  the  valve  inlet  to  the  throat  is  essentially 
a  reversible  adiabatic  or  isentropic  process  which  can  be  represented  by 
a  vertical  line  on  the  diagram.  The  range  shown  by  the  vertical  process 
lines  covers  the  design  inlet  temperature  excursion  of  37o  to  60°R  with 
the  nominal  shown  by  the  middle  line  at  51°R.  Vapor  pressure  at  the 
liquid  line  for  the  corresponding  temperature  represents  the  predicted 
throat  pressure  when  in  cavitation  as  a  liquid.  The  test  was  planned  to 
demonstrate  the  control  capability  when  operating  at  points  within  the 
range. 


To  relate  the  flow  results  to  geometric  accuracy  of  the  valve,  pintle 
measurements  were  made  and  provided  as  part  of  the  test  information. 
Flow  test  results  are  plotted  on  the  predicted  flow  diagrams  to  clarify  the 
differences  obtained. 
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Figure  1.  Liquid  Hydrogen  Flow  Process  in  Cavitating  Valve 


1.  2  TEST  APPROACH 


In  order  to  provide  flow  data  for  the  valve  based  upon  more  predictable 
flow  of  a  noncompressible  liquid,  the  valve  was  initially  evaluated  and  final 
calibration  before  hydrogen  test  was  established  by  water  test.  Proper 
function  was  thereby  assured  before  committing  the  valve  to  the  hydrogen 
testing.  Modifications  to  improve  bearing  reliability  and  to  reduce  a  vibra¬ 
tional  instability  to  acceptable  levels  were  necessary  as  part  of  this  effort. 
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SECTION  n 


SUMMARY 


The  test  objectives  established  for  the  liquid  hydrogen  test  series 
were  all  met.  The  feasibility  of  control  of  liquid  hydrogen  at  the  supercri¬ 
tical  inlet  pressure  of  465  psia  by  means  of  the  cavitating  venturi  principle 
was  established.  The  potential  achievable  accuracy  was  demonstrated  in 
that  the  pintle  contour  inaccuracy  of  the  test  valve  was  in  the  order  of 
±0.  1  percent  while  test  instrument  errors  are  at  least  an  order  of  magni¬ 
tude  greater. 

The  differences  between  the  predicted  and  observed  flow  rates  in 
cavitation  provided  useful  design  data.  The  flow  coefficient  of  0.  9  proved 
to  be  accurate  for  the  flows  from  2  through  10  percent.  From  20  through 
110  percent  a  very  nearly  constant  coefficient  of  0.  875  was  apparent.  To 
provide  a  more  accurately  linear  valve,  the  pintle  contour  should  be  recal¬ 
culated  on  the  basis  of  the  revised  values.  The  cavitation  line  proved  to 
be  at  lower  differential  pressure  .han  ■>  redicted  over  most  of  the  throttle 
range.  A  constant  recovery  of  92  percent  was  apparent  from  20  to  100  per¬ 
cent  flow. 

Pintle  vibration  initially  observed  in  early  water  tests  of  the  valve 
was  virtually  eliminated  by  installation  of  an  additional  support  immediately 
upstream  of  the  throat.  Only  an  intermittent  vibration  at  throttle  settings 
up  to  7  percent  at  frequencies  in  the  order  of  1700  to  1900  Ha  remained. 
Flows  appeared  to  be  unchanged  whether  in  or  out  of  vibration. 
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SECTION  in 


TEST  COMPONENT  DESIGN 


The  design  principles  applied  to  rhe  liquid  hydrogen  cavitating  valve 
configuration  were  initially  discussed  in  Reference  2  and  in  Section  I  of  the 
Final  Report  (Reference  1).  Detailed  design  of  the  valve  was  described  in 
Section  V  of  Reference  1.  Modification  of  both  internal  details  and  instal¬ 
lation  of  the  valve  were  required  for  completion  of  the  test  program 
described  here.  TLi  basic  cross  section  of  the  valve  and  installation 
design  are  shown  in  Figure  2.  External  views  of  the  valve  are  shown  in 
Figure  3  (see  Test  Section,  Figure  10).  The  disassembled  valve  and  inter¬ 
nal  details  are  shown  in  Figures  4,  5,  and  6. 

3.  1  DESIGN  CONCEPTS 

The  internal  detailed  design  was  predicated  on  the  objectives  of 
attaining  flow  accuracy  over  a  50  to  1  linear  range  of  ±1  percent  and  maxi¬ 
mum  recovery  on  the  cavitation  line  at  the  higher  throttle  settings.  The 
greatest  uncertainty  in  calculating  the  throat  areas  required  to  achieve  a 
given  flow  parameter  with  respect  to  valve  stroke  is  estimating  the  dis¬ 
charge  coefficient  C£>.  For  purposes  of  the  present  design,  a  coefficient 
of  0.  90  was  assumed  throughout  the  flow  range  based  upon  experience  ob¬ 
tained  with  the  original  liquid-fluorine  valve  tested  in  the  program. 

The  basis  for  the  throat  area  determination  for  liquid  hydrogen  is 
the  equation  for  a  compressible  liquid  flowing  in  a  cavitating  mode: 


Cdp  v/2g  J  (Hj  -  Hv) 


Where: 

A 

- 

throat  area 

Cd 

= 

flow  coefficient 

H1 

= 

enthalpy  at  valve  inlet 

H 

V 

= 

enthalpy  at  vapor  pressure 

g 

= 

gravitational  constant 

W 

= 

mass  flow 

P 

= 

density  of  fluid 

J 

= 

a  conversion  factor  (Joules  equivalent) 
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Figure  2.  Liquid  Hydrogen  Valve 
Cross  Section 


Figure  3.  Liquid  Hydrogen  Valve  Assembly 


Figure  4.  Liquid  Hydrogen  Valve  Disassembled 


Figure  5.  Liquid  Hydrogen  Valve  Pintle 


Figure  6.  Liquid  Hydrogen  Valve  Throat  and  Inlet  Support 


For  the  valve  design  the  throat  area  at  100  percent  flow  was  established 
and  the  areas  for  other  flow  rates  determined  proportionally  on  a  linear 
basis.  The  predicted  cavitation  line  location  was  estimated  by  establishing 
a  curve  on  the  basis  of  a  noncavitating  flow  calculation  and  extrapolating  to 
determine  the  intersection  with  the  cavitating  flow  rate.  This  was  tempered 
with  the  experience  from  previous  flow  data. 

This  approach  was  used  to  determine  the  predicted  parameters  shown 
on  the  flow  charts  (see  Test  Results,  Figures  13  and  14).  For  the  case  of 
water  flow,  the  relationship  for  noncompressible  liquids  was  used  where: 


and: 

=  valve  inlet  pressure 

=  vapor  pressure  of  fluid  at  inlet  temperature. 

The  design  flow  conditions  for  the  valve  are: 

Hydrogen  mass  flow  at  100  percent  throttle,  Wp,  =  2.  88  lb/sec 

Inlet  pressure,  Pj,  =  465  ±20  psia 

Inlet  temperature.  Tp  =  37°  to  60°R 

Recovery  to  he  as  great  as  possible  at  the  100  percent  flow  setting  on 
the  cavitation  line. 

3.  2  DESIGN  DETAILS 

As  described  in  Reference  1,  and  shown  in  Figure  2,  the  valve  is  of 
all-metal  stainless  steel  design  incorporating  a  bellows  shaft  seal.  Vacuum 
jacketing  is  provided  for  insulation.  The  valve  body  and  duct  joints  are 
sealed  with  unvented,  321  stainless  steel,  teflon  coated  O  rings.  An  inter¬ 
nal  stop  is  provided  beyond  the  theoretical  aero  flow  pintle  position.  By 
calibrating  the  valve  from  the  stop  position,  the  unit  may  be  disassembled 
for  cleaning  without  the  necessity  of  flow  test  after  reassembly.  The  inlet 
pressure  tap  is  located  in  the  inlet  plenum  and  brought  out  through  the 
vacuum  jacket  by  a  welded-in  small-diameter  tube. 

The  pintle  drive  support  fixture  previously  used  for  the  mixture  ratio 
control  was  simplified  for  the  monopropellant  application.  Jamb  nuts  are 
employed  for  the  valve  positioning.  Accurate  positioning  is  achieved  with 
a  dial  indicator  mounted  on  the  fixture  and  driven  from  an  arm  attached  to 
the  valve  shaft. 

Modifications  made  to  the  valve  during  the  water  test  sequence  are 
covered  under  Test  Results,  Section  V  of  this  repor..  A  vibration  problem 
encountered  earlier  in  the  program  ultimately  required  addition  of  a  sup¬ 
port  at  the  throat  inlet. 
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SECTION  IV 


TEST  FACILITY 


The  system  installed  by  Wyle  Laboratories  and  used  during  the  per¬ 
formance  of  the  test  program  is  shown  schematically  in  Figure  7  and  in 
photographs.  Figures  7  through  11. 

The  liquid  hydrogen  supply  vessel  was  a  250- gallon  capacity  stain¬ 
less  steel  tank,  fitted  with  an  outer  shell  which  was  filled  with  liquid  hydro¬ 
gen.  This  outer  jacket  of  liquid  hydrogen  served  as  the  refrigerant  for  the 
liquid-hydrogen  within  the  250- gallon  run  tank.  The  entire  assembly  was 
insulated  by  spraying  the  outer  surfaces  with  approximately  one  inch  of 
polyurethane  foam. 

Ambient  temperature  hydrogen  gas  was  used  to  maintain  the  run  tank 
at  the  desired  465  ±10  psia.  To  obtain  greater  pressure  stability,  the 
3500  psig  hydrogen  storage  gas  pressure  was  dropped  to  1100  psig  through 
a  first- stage  regulator,  then  subsequently  reduced  to  the  running  pressure 
through  a  parallel  pair  of  second- stage  regulators.  To  minimize  mixing 
of  the  warm  pressurant  gas  and  cold  test  fluid,  a  diffuser  was  installed  in 
the  top  of  the  run  tank.  This  diffuser  assembly  also  served  as  a  manifold 
for  the  four,  4.  2- cubic-foot  ullage  bottles  which  served  to  dampen  pressure 
transients  during  the  test  runs. 

Flow  measurements  were  made  using  two  Foxboro  turbine  flow¬ 
meters.  The  low- rate  meter  was  used  when  operating  between  0.  03  and 
0.  60  pound  per  second,  and  the  high- rate  meter  when  operating  between 
0.  35  and  3.  0  pound  per  second.  Water  calibrations  were  performed  on 
both  meters  prior  to  performing  the  test  program,  and  the  meter  coeffi¬ 
cient  value  was  increased  by  0.  60  percent  to  compensate  for  the  thermal 
contraction  and  subsequent  velocity  increase  within  the  meter  housing  when 
operating  at  the  reduced  temperature.  During  the  program,  several  data 
points  were  run  in  the  over-lapping  range  of  the  flowmeters,  approximately 
0.  35  to  0.  60  pound  per  second,  and  the  measured  flow  rates  compared. 

To  minimize  temperature  transients  and  heat  leak  into  the  system, 
all  of  the  plumbing  between  the  run  tank  and  test  specimen  inlet  was  jacketed 
with  liquid  hydrogen.  Plumbing  downstream  of  the  specimen  was  insulated 
with  glass-matt  or  foam  insulation.  The  test  specimen  itself  was  housed  in 
a  vacuum  jacket,  shown  in  Figure  10.  This  jacket  was  evacuated  contin¬ 
uously  throughout  die  program. 

Flow  control  was  achieved  using  two  1-inch  valves  in  parallel;  one 
was  a  long  stroke  throttling  valve  with  a  remote  operator,  and  the  ther  a 

manual  gate  valve.  The  manual  valve  was  pre-set  as  required  to  provide 
increased  capacity  to  the  remotely  operated  throttling  valve. 
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Figure  8.  Overall  View  of  Liquid  Hydrogen  Flow  Facility 


Figure  9-  Liquid  Hydrogen  Facility  Looking  Downstream 


Downstream  of  the  flow  control  valves,  a  2-inch  fast- response 
operator  valve  was  installed  to  start  and  stop  the  hydrogen  flow.  By  pre¬ 
setting  the  flow  control  valves  and  controlling  the  flow  duration  with  an 
independent  valve  of  much  higher  response,  it  was  possible  to  stabilize 
the  flow  rate  quickly  and  hold  the  total  run  duration  at  each  flow  point  to 
approximate ly  ten  seconds. 

The  hydrogen  temperature  was  measured  between  the  flowmeter 
manifold  outlet  and  the  test  specimen  inlet  port,  utilizing  a  Rosemount 
Engineering  Company  platinum  resistance  probe  and  matched  resistance 
bridge. 
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SECTION  V 


TEST  PROCEDURES 


The  following  procedures  were  established  for  operation  of  the  flow 
system.  {Refer  to  schematic.  Figure  7).  Prior  to  test  operations  the 
system  was  stabilized  at  the  liquid  hydrogen  temperature.  All  tanks, 
lines,  and  jackets  were  first  vacuum  purged  with  helium.  The  jacket 
system  was  then  filled  with  LH2  and  chilled-down.  Following  this  the 
run  tank  and  jacketed  lines  were  filled  with  liquid  hydrogen.  With  the 
test  valve  set  at  the  100%  flow  position  an  initial  flow  was  established 
through  the  system  by  pressuri;  ng  the  run  tank  to  a  low  pressure  and 
throttling  the  downstream  modulating  valve. 

With  the  system  temperature  conditioned  for  test,  the  test  valve  was 
set  to  the  first  throttling  position  to  be  flowed.  With  the  downstream 
shutoff  valve  closed  the  run  tank  was  pressurized  to  obtain  the  normal 
run  inlet  pressure  of  465  psia.  With  the  downstream  back  pressure 
modulating  valve  preset  to  obtain  a  pressure  drop  across  the  test  valve 
in  the  desired  range  the  flow  was  initiated  by  opening  the  downstream 
shutoff  valve.  For  each  flow  point  taken  the  shutoff  valve  was  opened  for 
5  to  10  seconds  to  allow  the  flow  to  stabilize,  then  closed.  Steady  state 
data  recorded  for  each  run  included  flowrate,  inlet  pressure  and  tem¬ 
perature  and  valve  differential  pressure.  Run  tank  pressure  and  tem¬ 
perature  were  monitored  to  observe  system  operation.  The  objective 
of  the  test  effort  was  to  obtain  a  minimum  of  120  flow  points  over  12 
different  throttle  flow  settings  and  in  pressure  drop  ranges  making 
possible  evaluation  of  the  cavitation  pressure  line  over  the  flow  range. 

Emptying  of  the  run  tank  was  easily  determined  when  the  temperature 
sensor  in  the  run  line  indicated  a  rapid  temperature  increase.  At  this 
point  the  downstream  shutoff  valve  was  closed  and  the  run  tank  vented 
and  refilled  from  the  storage  tank.  It  was  then  repressurized.  It  was 
found  once  the  system  was  well  chilled-down,  flow  could  be  resumed 

within  10  minutes  after  refill.  < 
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SECTION  VI 


TEST  RESULTS 


With  completion  of  the  flow  test  program,  the  feasibility  of  applying 
a  variable-area  cavitating- venturi  valve  to  throttle  control  of  liquid  hydro¬ 
gen  was  established.  The  control  performance  was  demonstrated  with 
supercritical  pressure  conditions  prevailing  at  the  valve  inlet.  Although 
the  liquid  hydrogen  flew  results  varied  slightly  from  predicted  values,  the 
data  obtained  were  for  the  moct  part  consistent  and  repeatable.  A  pintle 
vibration  problem  observed  earlier  was  essentially  eliminated. 

Table  I  provides  a  summary  of  liquid-nitrogen,  water,  and  liquid- 
hydrogen  tests  completed.  Plotted  flow  data  for  water  and  liquid  hydrogen 
are  given  in  Figures  13  and  14,  respectively.  The  liquxd- nitrogen  test 
was  run  early  in  the  program  using  the  liquid-fluorine  valve  to  observe  the 
effect  of  bore  clearance  reductions  with  the  pintle  support  fins  in  eliminat¬ 
ing  a  vibrational  problem  observed  in  earlier  tests  in  the  later  part  of  1967. 
Inasmuch  as  the  same  vibrational  problem  had  occurred  with  the  hydrogen 
valve  the  plan  was  to  implement  the  same  solution  if  effective.  The  vibra¬ 
tion  was  not  eliminated,  however,  and  it  was  obvious  that  other  solutions 
would  have  to  be  applied  to  the  liquid  hydrogen  valve. 

5.  1  WATER  FLOW  TESTS 

In  order  to  verify  the  previously  observed  hydrogen  valve  vibration 
a  preliminary  water  flow  test  was  run  at  the  TRW  Capistrano  Test  Site. 
Audible  vibration  was  encountered  at  flow  settings  from  2  up  to  35  percent. 
The  greatest  sensitivity  was  apparent  at  10  percent  and  lower  settings  with 
the  vibration  continuing  over  a  broad  range  of  differential  pressures.  At 
35  percent  the  vibration  was  only  initiated  near  the  cavitation  line.  No 
quantitative  data  were  taken  during  this  test. 

At  this  point  a  vibration  analysis  was  initiated  to  evaluate  the  modes 
of  vibration  and  consider  the  effect  of  potential  modifications  (see  Appen¬ 
dix  I).  Two  easily  implemented  changes  which  could  provide  a  solution 
were  apparent.  The  mass  of  the  pintle  could  be  increased  by  filling  the 
internal  cavity  with  a  high-density  material  or  an  added  bearing  support 
could  Le  located  near  the  mid- span  point  of  the  pintle.  The  first  approach 
was  taken.  A  port  was  drilled  into  the  cavity  and  158  grams  of  lead  shot 
was  introduced.  The  port  was  then  closed  with  a  threaded  plug.  Since  the 
originally  sealed  cavity  now  had  a  potential  leak  path,  additional  vent  holes 
were  drilled.  This  was  necessary  to  ensure  hydrogen  cculd  not  be  trapped 
in  the  cavity  with  subsequent  potentially  dangerous  pressure  buildup  upon 
warm-up. 

A  second  water  test  was  run  with  the  weighted  pintle.  Some  improve¬ 
ment  was  observed  with  the  vibration  occurring  only  below  the  20  percent 
setting.  A  frequency  measurement  was  made  with  an  accelerometer  located 
on  the  valve  outer  body  near  the  downstream  flange  support.  Frequencies 
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Table  I.  Liquid  Hydrogen  Test  Summary 


19  November  1968 


30  December  1968 

7  January  1969 

17  January  1969 

23  January  1969 

11  March  1969 


31  March  1969 
11  April  1969 


Liquid- nitrogen  tests  of  the  fluorine  valve  were 
completed  to  determine  if  reducing  pintle  fin 
clearances  eliminated  pintle  vibration.  Vibration 
was  still  observed  at  lower  throttle  settings. 

A  preliminary  water-flow  test  of  the  hydrogen 
valve  was  run  to  verify  the  vibration  previously 
observed  in  tests  run  in  1967.  Vibration  was 
observed  from  2  percent  up  through  settings  as 
high  as  35  percent. 

A  water-flow  test  was  run  to  observe  the  effect  of 
adding  mass  to  the  pintle.  Vibration  was  still 
experienced  at  settings  of  20  percent  and  below. 

A  water-flow  test  was  run  following  addition  of  a 
pintle  support  immediately  upstream  of  the  throat. 
A  transitory  vibration  was  observed  at  settings 
below  7  percent  flow. 

Water-flow  tests  were  completed  and  calibration 
of  the  valve  established.  No  vibration  was 
experienced 

The  valve  was  delivered  to  Wyle  Laboratory  for 
the  hydrogen  flow  tests  following  a  refurbishment 
and  cleaning. 

Hydrogen-flow  tests  were  started  at  Wyle 
Laboratories. 

Hydrogen-flow  tests  were  successfully  completed. 


in  the  range  of  900  to  1100  Hz  were  observed.  The  vibration  condition  was 
still  considered  unacceptable  for  initiation  of  the  liquid  hydrogen  flow  tests. 

A  spider  support  was  designed  for  location  upstream  of  the  throe  ‘ 
(Figures  2  and  6).  Initially  the  valve  was  designed  for  such  additional 
support  and  the  pintle  shape  and  entry  portion  of  the  throat  section  had 
been  designed  for  easy  installation  of  a  bearing.  The  shot  weighting  was 
left  in  the  pintle  cavity.  Water  tests  were  repeated  with  the  added  support. 
An  intermittent  higher  frequency  vibration  was  observed  at  flow  settings 
of  7  percent  and  below.  A  measurement  indicated  the  vibration  frequency 
had  increased  to  a  range  of  1700  to  1900  Hz.  The  region  of  vibration 
observed  is  plotted  in  Figure  12.  The  apparent  effect  of  die  added  support 
was  to  change  the  vibrational  mode  with  an  approximate  1  octave  upward 


17 


Hydrogen  Valve  Region  of  Vibration 


shift.  The  vibration  did  not  appear  to  change  the  flow  control  character¬ 
istic  of  the  valve  as  shown  by  moving  into  and  out  of  the  vibrational  region 
in  the  cavitating  mode. 

Upon  review  of  the  effects  of  the  remaining  vibration  it  was  concluded 
the  valve  was  sufficiently  improved  to  continue  with  the  water  and  liquid  - 
hydrogen  flow  tests.  The  valve  was  then  calibrated  and  runs  made  over  the 
flow  range  shown  in  Figure  13.  The  flow  rates  were  limited  to  60  percent 
and  below  because  of  the  pressure-flow  capacity  limit  of  the  available  water 
pump  flow  system.  The  calibration  point  was  established  by  accurate 
measurement  from  the  internal  stop.  The  technique  was  to  calibrate  for 
the  2  percent  flow  position  where  the  adjustment  is  most  sensitive.  To 
illustrate  the  sensitivity  of  the  adjustment  in  the  range  of  2  percent  flow, 
the  effect  on  flow  of  a  0.  002  shift  in  setting  is  indicated  on  the  chart. 

Figure  13. 

5.  2  LIQUID  HYDROGEN  FLOW  TESTS 

Following  completion  of  the  water  test  and  calibration,  die  valve 
was  returned  to  TRW  Space  Park  for  preparation  for  the  liquid  hydrogen 
tests.  The  valve  was  disassembled  and  cleaned.  A  roughness  had  devel¬ 
oped  at  the  outer  guide  bearing  of  die  valve  at  die  shaft  extension.  This 
was  reworked.  All  bearing  contacting  surfaces  of  the  pintle  were  treated 
with  a  Microseal*  coating  to  prevent  any  further  galling  between  die  stain¬ 
less  surfaces.  The  valve  was  carefully  reassembled  and  calibrated  based 
on  the  8 top  dimension  determined  from  the  water  tests.  The  specimen 
was  then  shipped  to  Wyle-Norco  for  setup  in  the  test  system  and  testing. 

The  test  plan  established  with  Wyle  Laboratories  appears  in  Appendix  II. 

The  flow  tests  were  accomplished  starting  31  March  through 
11  April  1969.  Two  days  were  spent  in  flowing  die  system  for  familiari¬ 
zation  and  adjustments  of  instrumentation  and  facility  controls.  Aside 
from  initial  difficulty  in  obtaining  consistent  results  with  die  high-range 
flowmeter,  the  system  operated  as  planned.  A  backup  flowmeter  was 
substituted.  Consistent  results  were  then  obtained  as  well  as  good  agree¬ 
ment  with  the  low-range  meter.  Discrepancies  in  die  overlapping  range 
did  not  exceed  ±1  percent.  Operation  of  the  system  proved  to  be  simple 
and  efficient.  The  initial  cool-down  required  approximately  one  hour. 
Instrumentation  calibration  was  typically  completed  during  this  same 
period.  It  was  found  that  three  to  five  data  points  could  be  obtained  with 
a  single  filling  at  high  flow  rates  and  ten  to  fifteen  at  low  flow  rates. 

The  flow  data  obtained  are  shown  in  Figure  14.  It  is  apparent  flows 
at  the  2,  5,  and  10  percent  settings  agreed  quite  well  with  the  predicted 
values.  Over  the  range  from  20  through  110  percent  they  are  consistently 
below  the  predicted  flows.  Assuming  the  differences  to  be  effectively 
accountable  as  a  shift  in  discharge  coefficient,  the  data  were  interpreted 


Microseal  Corporation,  Gardena,  California 


Figure  14.  Liquid  Hydrogen  Flow  Test  Data 


as  can  be  seen  in  Figure  15.  The  discharge  coe£ficient  is  plotted  against 
the  percentage  flow  settings.  A  constant  coefficient  of  0.  875  is  obtained 
from  20  to  110  percent.  The  flow  points  at  2,  5,  and  10  percent  show  a 
coefficient  of  0.  9  as  assumed  in  calculating  the  predicted  flows. 

All  of  the  flow  data  were  standardized  from  the  observed  conditions 
to  the  nominal  design  conditions  assumed  for  the  predicted  curves  (inlet 
pressure  465  psia  and  inlet  temperature  51°R).  Applying  the  principle 
given  in  Reference  2,  Section  2,  to  correct  the  weight  flow  the  equation: 


is  applied.  For  correction  of  the  valve  pressure  drop  the  equation  is: 

/P  *  -  P  * 

AP*  =  AP  f  p— -y— 

\  1  v 


where: 

w*  Weight  flow  at  nominal  conditions 

W  Weight  flow  observed 

p*  Density  at  nominal  conditions  of  temperature  and  pressure 

p  Density  for  fluid  at  observed  temperature  and  pressure 
♦ 

P  j  Inlet  pressure  at  nominal  conditions 

Pj  Inlet  pressure  at  observed  conditions 
* 

Pv  Vapor  pressure  at  nominal  temperature 

Py  Vapor  pressure  at  observed  temperature 

&P  Pressure  difference  from  valve  inlet  (Pj)  to  valve  outlet  (P^) 

The  corrections  apply  to  both  the  cavitating  and  noncavitating  flow  regimes. 

The  original  data  sheets  are  given  in  Appendix  IH  as  part  of  the  test 
report  furnished  by  Wyle  Laboratories.  Because  the  test  facility  utilized 
a  liquid  hydrogen  tank  and  lines,  the  runs  were  all  made  in  die  temperature 
range  of  39  to  45°R.  The  jackets  were  operated  at  essentially  atmospheric 
pressure  with  equilibrium  temperatures  close  to  37°R.  Referring  to  die 
temperature-entropy  chart  shown  in  Figure  1.  the  flow  process  was 
following  a  path  near  that  shown  by  the  ar.  v  at  the  lower  lefthand  part 
of  the  chart. 
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Figure  15.  Flow  Coefficient  in  Cavitating  Region —  Liquid  Hydrogen  Test 


The  location  of  the  cavitation  line  was  significantly  changed  as  is 
apparent  in  Figure  14.  The  line  is  well  below  the  predicted  curre  at  all 
flow  rates  below  100  percent.  This  is  reflected  in  pressure  recovery  of 
the  valve  on  the  cavitating  line  given  by  Figure  16.  A  recovery  in  the 
order  of  92  percent  is  indicated  over  flow  ranges  from  20  to  100  percent. 

In  order  to  relate  the  results  obtained  by  the  flow  test  series  to  the 
effects  of  off-nominal  tolerances  within  the  valve  itself,  the  pintle  contour 
inspection  data  are  plotted  in  Figure  17  in  the  form  of  off-nominal  flow 
areas.  As  is  apparent,  the  pintle  was  on  the  nominal  dimensions  up  to 
the  17  percent  flow  point.  Above  17  percent,  above  and  below  nominal 
pintle  diameters  were  measured  resulting  in  the  opposite  effect  on  flow 
area.  It  is  interesting  to  note  the  maximum  dimensional  off-nominal  flow 
area  deviates  by  little  more  than  0.  1  percent.  This  accounts  for  a  very 
small  fraction  of  the  total  error  potential  in  estimating  the  discharge 
coefficient  as  well  as  that  contributed  by  flow,  temperature,  and  pressure 
ins trume ntation  required  for  flow  testing. 

Evidence  of  the  audible  vibration  observed  during  water  tests  was 

experienced  with  liquid  hydrogen.  The  vibration  only  occurred  below 
5  percent  flow  and  was  intermittent  in  character  and  could  not  be  pre¬ 
dictably  initiated  at  any  flow  or  differential  pressure.  No  effect  on  flow 
rate  in  cavitation  was  observed  when  vibration  was  evident. 

Following  completion  of  the  hydrogen  flew  tests  the  valve  was  dis¬ 
assembled  and  the  parts  inspected.  No  evidence  of  wear  of  damage  was 
evident.  The  photographs.  Figure  3  through  0,  were  taken  at  the  time  of 
inspection. 
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igure  16.  Pressure  Recovery  on  Cavitation  Line 
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SECTION  VII 


CONCLUSIONS  AND  RECOMMENDATIONS 


As  a  result  of  the  flow  test  series  it  is  apparent  the  cavitating  venturi 
is  a  useful  technique  for  accurate  flow  control  of  liquid  hydrogen.  Applica¬ 
tion  of  the  data  presented  to  refine  the  first-cut  contours  for  a  flight  design 
component  will  be  useful.  It  is  also  apparent  the  valve  can  easily  be  fab¬ 
ricated  to  attain  geometric  accuracies  far  exceeding  those  attainable  from 
the  combined  test  instrumentation  required  to  evaluate  flow  performance. 

It  was  also  demonstrated  the  valve  jan  be  designed  to  be  disassembled 
after  water  calibration,  cleaned  or  overhauled,  and  reassembled  without 
effecting  accuracy  or  making  recalibration  necessary. 

Because  of  the  limitations  of  the  test  system,  temperatures  little 
above  the  normal  boiling  temperature  of  hydrogen  (37°R)  could  be  attained. 
It  is  considered  that  changes  in  the  flow  control  performance  of  the  valve 
would  be  small  up  to  the  critical  temperature  (60°R),  however.  To  com¬ 
pletely  explore  the  temperature  range  would  require  a  conditioned  flow 
system  capable  of  steady-state  operation.  A  larger  test  r'atrix  would  also 
be  required  to  evaluate  the  range  to  60°R  and  above. 

It  is  recommended  for  future  design  that  actual  engine  system  condi¬ 
tions  be  established.  From  the  present  knowledge  of  the  workhorse  valve 
used  in  the  program,  a  flight  weight  design  can  be  established  with  a  high 
degree  of  confidence.  The  valve  can  then  be  tested  under  actual  expected 
conditions.  Problems  of  vibration,  control,  and  ultimate  accuracy  can  be 
then  resolved  in  a  directly  usable  component. 
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APPENDIX  I 


LIQUID  HYDROGEN  VALVE  FREQUENCY  ANALYSIS 
T.  A.  ZEMO  TRW  SYSTEMS 


Introduction 


A  study  of  the  15K  LH£  valve  has  been  conducted  to  estimate  the 
natural  frequencies  for  various  mass  concentrations  and  support  modes. 
The  calculations  are  based  upon  idealizations,  thus  showing  trends  of 
frequency  range  rather  than  exact  numbers.  The  objectives  are  (1)  to 
determine  whether  the  excitation  source  is  a  random  noise  signal  or  a 
fixed  periodic  signal,  and  (2)  to  make  recommendations  concerning  a 
suitable  correction  for  the  existing  vibration  problem. 

Discussion 


Frequency  calculations  were  made  for  the  original  LH£  valve  and 
for  the  same  valve  with  158  grams  of  lead  added  to  the  pintle  cavity.  In 
Table  U,  calculations  based  upon  a  cantilever  beam  idealization  are  com¬ 
pared  to  those  for  a  double  support,  with  variations  for  concentrated  and 
distributed  mass.  These  numbers  are  based  upon  Equation  1,  using  the 
respective  values  of  the  configuration  coefficient,  elective  length  and 
mass.  The  frequency  is  very  sensitive  to  changes  the  effective  length 
and  radial  thickness  (Equation  2)  so  that  small  refinements  of  these  values 
in  more  recent  calculations  have  affected  the  frequency  estimations 
considerably. 

Comparisons  of  the  limited  test  data  and  analytical  calculations 
relative  to  the  LMDE  system  have  shown  that  when  excited  by  a  stochastic 
(random  noise)  signal,  each  system  component  oscillates  at  its  own  natural 
frequency.  The  frequencies  which  had  been  indicated  by  an  accelerometer 
mounted  on  the  outside  valve  housing  were  in  the  900  to  1100  Hz  range.  If 
the  excitation  was  of  a  fixed  periodic  type,  closed  loop  amplitude  ratio 
(valve  to  excitation)  considerations  indicate  that  the  most  desirable  correc¬ 
tion  would  be  by  mass  addition.  This  is  shown  in  Figure  18.  If  enough  of 
a  high  density  material  could  be  added  to  reduce  the  valve1  s  natural  fre¬ 
quency  substantially  below  the  excitation  frequency,  the  oscillations  would 
be  attenuated.  This  would  be  achieved  if  the  material  could  be  distributed 
more  uniformly  through  the  pintle's  interior.  However,  the  major  portion 
of  the  hydrogen  pintle  cavity  is  at  the  end  nearest  the  bearing,  so  that  the 
effective  length  is  reduced  (because  of  center  of  mass  shift)  as  the  mass 
is  increased.  The  frequency  is  more  sensitive  to  change  in  length  than  to 
change  in  mass  (Equation  1)  so  that  it  rises  (values  5,  6,  7,  and  8  of 
Table  I  compared  to  values  1,  2,  3,  and  4).  The  mass  addition  fix  may 
be  possible  for  the  fluorine  valve,  with  its  geometry,  but  apparently  not 
for  the  hydrogen  valve.  The  water  flow  tests  performed  at  the  Capistrano 
facility  showed  that  mass  addition  is  not  a  sufficient  correction  for  the 
LH2  vaTve,  as  it  still  displayed  the  "screeching"  and  internal  scoring  at 
the  throat. 


Table  II 

Comparative  Calculated  Vibration  Characteristics 


Cantilever,  Maas 
Concentrated 

At  End 

Cantilever,  Mass 
Distributed 

Double  Support 
Mass  Concentrated 
At  Center 

Double  Support 

Mass 

Distributed 

Original 

Valve 

(1) 

(2) 

(3) 

(4) 

f(Hz) 

■  | 

2839 

3858 

5511 

A 

0.566 

1.1 

1.571 

Kin) 

5.273 

6.  69 

6.69 

M(#sec2/in) 

1 

2.541  x  IQ*4 

2.541  x 10*4 

2.541  x  10‘4 

Valve  with 
Lead  Added 

(5) 

(6) 

(7) 

(80 

f(Hz) 

2098 

4321 

1929 

2755 

A 

0.275 

0.566 

1.1 

1.571 

Kin) 

3.977 

3.977 

6.69 

6.69 

M(#secZ/in) 

10. 168  x  10’4 

10.168  x  10*4 

10.168  x  10-4 

10.168  x  10*4 

Conclusions 


It  is  recommended  that  the  support  be  added  as  planned,  approximately 
one  inch  upstream  of  the  throat  for  the  valve's  zero  thrust  position.  Calcu¬ 
lations  were  made  for  the  balance  of  bending  moments  and  maximization  of 
frequency  characteristics  resulting  after  the  addition  of  the  support  at  that 
point.  These  are  based  upon  the  relative  thickness  and  diameter  ratios  of 
th°  two  hollow  segments.  However,  further  reference  to  Figure  1  indicates 
that  a  tight  clearance  bearing  fit  is  advisable  for  the  mount.  Although 
added  instrumentation  is  not  planned  for  upcoming  tests,  it  is  necessary 
for  any  further  evaluation  of  the  excitation  characteristics.  This  would 
consist  of  strain  gages  mounted  in  positions  suitable  for  determination  of 
valve  inlet  and  outlet  pressure  fluctuations,  with  accelerometers  and  pres¬ 
sure  transducers  in  positions  adjacent  to  the  strain  gages. 

LMDE  test  data  has  shown  that:  (1)  if  several  strain  gages  are  placed 
at  different  locations  and  there  is  a  correlation  in  frequency,  amplitude  and 
phase  of  the  outputs,  it  can  be  assumed  the  outputs  represent  internal  pres¬ 
sure  fluctuations;  and  (2)  a  correlation  with  pressure  transducer  and  accel¬ 
erometer  readings  is  advisable  for  conclusive  evaluation  regarding  the 
causes.  An  objective  of  this  instrumentation  would  be  the  construction  of 
power  spectral  density  plots.  In  addition  to  frequency  trends  with  system 
changes,  conclusions  maybe  made  about  the  amplitudes  recorded.  Although 
a  component  tends  to  ring  at  its  own  (constant)  frequency  when  excited  by  a 
random  signal,  its  amplitude  varies  randomly,  in  a  pattern  dependent  upon 
the  excitation  frequency  spectrum  and  the  component's  damping  ratio. 


Nomenclature 


Parameter  Symbol 

Young's  modulus  of  elasticity  £ 

Cross-section  (bending)  moment  of  inertia  I 

Structural  configuration  coefficient  A 

Effective  length  for  vibration  in  each  configuration  l 
Effective  mass  for  each  configuration  M 

Frequency  for  each  configuration  f 


Value 

30  x  106  psi 
312  x  10-4  in4 


See  Tfcttsrll 


Equation  (1)  *  =  JJ7§-  fjf 
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APPENDIX  H 


TEST  PLAN 

LIQUID  HYDROGEN  CAVITATING  VALVE  FLOW  TESTS 


Test  Objectives 

The  required  tests  are  part  of  the  Wide  Range  Flow  Control  Program 
for  LF2-LH2  under  Contract  AF04(611  )-l 0819  sponsored  by  the  Rocket 
Propulsion  Laboratory  at  Edwards  AFB.  The  general  objectives  of  the 
program  are  to  establish  propellant  flow  control  valve  technology  for  the 
noted  cryogenic  propellants.  The  liquid  hydrogen  test  called  for  in  this 
plan  is  the  last  phase  of  the  effort. 

The  specific  objective  of  the  LH2  flow  tests  is  to  substantiate  the 
flow  control  predicted  for  the  cavitating  venturi  test  valve.  The  operating 
characteristic  and  flow  control  accuracy  will  be  evaluated  over  the  design 
flow  range  of  the  component  and  under  the  flow  conditions  indicated  below. 

Program  Requirements 


The  test  component  will  be  delivered  to  the  Wyle  Norco  Test  Site  by 
TRW  per  a  mutually  agreed  schedule.  The  requirements  for  installation 
will  be  established  a  reasonable  time  in  advance  of  the  first  test  date  to 
allow  for  system  buildup  and  instrumentation.  The  test  section  will  be  as 
noted  in  Figure  19.  The  instrumentation  requirements  are  as  noted  in 
Table  HI. 


Table  IH.  Instrument 

Requirements 

Parameter 

Range 

Units 

Required  Accuracy 

Mass  flow  w 

0.  055  to  3.0 

lbs/ sec 

±1.0% 

Inlet  pressure  P| 

465  ±10 

psia 

±  0.5% 

Outlet  pressure  P2 

10  to  400 

psig 

±1.0% 

Differential 
pressure  AP 

10  to  400 

psi 

±i.  0% 

Inlet  temp  Tj 

40  to  80 

°R 

±1  °R 

Valve  position  X 

0  to  0.900 

inch 

±  0.  001  inch 

The  vendor  is  requested  to  furnish  a  schematic  of  the  flow  facility 
giving  pertinent  details  such  as  line  sizes,  tank  sizes,  heat  exchanger 
characteristics,  and  instrumentation.  A  component  list  is  requested. 

Suitable  photographs  of  the  facility  and  detail  views  of  the  test 
setup  at  the  time  of  test  are  also  requested. 
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Figure  19«  LHo  Cavitating  Valve  Test  Section  Schem 


Original  data  or  facsimile  are  to  be  supplied.  The  vendor  is 
requested  to  reduce  data  as  required  to  provide  time  based  traces  with 
directly  readable  scales  ir  vhe  final  units  of  measure.  Traces  should  be 
time  scaled  alike  for  diret  overlay  comparison. 

Propellants  in  the  following  quantity  are  provided  for  (GFP)  under 
the  contract. 

Liquid  Hydrogen  FSN  9135-611-1347  20,  000  lb 

Gaseous  Helium  FSN  683  0-660-0026  60,  000  SCF 

Test  Requirements 


The  test  component  will  be  installed  in  the  flow  facility  per  the  test 
section  schematic,  Figure  19.  The  flow  test  objective  will  be  to  obtain  a 
series  of  120  flow-points  over  the  range  of  throttle  and  pressure  drop 
settings  given  in  the  predicted  flow  map.  *  A  series  of  10  flow  points  will 
be  obtained  over  a  range  of  pressure  drop  settings  at  each  of  the  following 
percentage  throttle  valve  settings:  2,  5,  10,  20,  30,  40,  50,  60,  70,  80,  100, 
110. 


The  inlet  pressure  throughout  the  series  will  be  held  to  46*  *  10  psia. 

The  inlet  temperature  will  be  held  in  the  range  of  40  to  65  °R 
throughout  all  the  runs. 

The  theoretical  flow  rate  for  the  valve  at  the  100  percent  setting  and 
at  an  inlet  pressure  of  465  psia  and  an  inlet  temperature  of  -409  °F  (51  °R) 
is  2.88  lb/sec.  The  other  flow  settings  are  linearly  proportional  to  the 
valve  position. 

From  previous  experience  the  recommended  testing  technique  is  to 
first  set  the  test  valve  at  the  specified  throttle  position.  With  the  down¬ 
stream  facility  valve  closed,  or  nearly  closed,  the  inlet  pressure  is 
increased  to  the  required  level.  A  low  differential  pressure  exists  across 
the  test  valve  under  those  conditions.  The  facility  valve  is  then  incre¬ 
mentally  opened  to  pick  up  each  of  the  desired  differential  pressure  points. 
The  points  when  reduced  to  the  established  standard  conditions  may  be 
expected  to  fall  on  the  curve  for  the  particular  throttle  position  set  as 
shown  on  the  flow  map. 


* 


See  Figure  14  of  this  report. 
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APPENDIX  III 


WYLE  LABORATORIES  TEST  REPORT 


DATA  SHEET  REPORT 


MVLS  LABORATORIES 

28  April  1969 

TRW 

1  Space  Park 

Redondo  Be/cm,  California  90278 


ATTENTION:  Mr  .  MlKt  CONSOll 

TEST  TITLE:  FlOW  TEST 

REFERENCES:  Your  Purchase  Order  No.  BK  266 

Wyle  Laboratories  Job  No  NL  51393 

Government  Contract  No  N/a 

Wyle  Laboratories  Report  No.  51393 


Gentlemen: 

This  is  to  certify  that  the  enclosed  Test  Data  Sheets  contain  true  and  correct  data  obtained  in 
the  performance  of  the  test  program  as  set  forth  in  your  purchase  order. 

Where  applicable,  instrumentation  used  in  obtaining  this  data  has  been  calibrated  using  standards 
which  are  traceable  to  the  National  Bureau  of  Standards 

Test  Results: 

Liquid  myorogcn  flow  te'-ting  of  one  cavitating  venturi  valve 
P/N  SK  4715-68-147,  in  accoROAncE  with  test  plan  4715.1.68-43 
ano  the  above  purchase  oroer.  Test  results  arc  included 

ON  THE  FOLLOWING  PAGES. 


28  Pace  Test  Report 


.cwrrLiQuio  Propellants  Test 


R.  (K  Mtrj  c  a 

TEST  ENGINEER  -  - 

H.  R.  Whcelock 


The  system  used  during  the  performance  of  the  test  procram 
is  shown  in  Figure  7*  and  Photographs  1  through  4.* 

The  liquid  hydrogen  supply  vessel  was  a  250  gallon  capacity 
stainless  steel  tank,  fitted  with  an  outer  shell  which  was 

FILLED  WITH  LIQUID  HYDROGEN.  THIS  OUTER  JACKET  OF  LIQUID 
HYDROGEN  SERVED  AS  THE  REFRIGERANT  FOR  THE  LIQUID  HYDROGEN  WITHIN 
THE  250  GALLON  RUN  TANK.  THE  ENTIRE  ASSEMBLY  WAS  INSULATED  BY 
SPRAYING  THE  CUTER  SURFACES  WITH  APPROXIMATELY  ONE  INCH  OF  POLY¬ 
URETHANE  FOAM. 

Ambient  temperature  hydrogen  gas  was  useo  to  maintain  the  run 
TANK  AT  THE  DESIRED  465  ±10  PSIA,  To  OBTAIN  GREATER  PRESSURE 
STABILITY,  THE3500PSIG  HYORO  '  STORAGE  GAS  PRESSURE  WAS  DROPPED 
TO  1100  PSIG  THROUGH  A  FIRST  AGE  REGULATOR,  WHEN  SUBSEQUENTLY 
REDUCED  TO  THE  RUNNING  PRESSURE  THROUGH  A  PARALLEL  PAIR  OF  SECOND 
STAGE  REGULATORS.  To  MINIMIZE  MIXING  OF  THE  WARM  PRESSURANT  GAS 
ANO  COLD  TEST  FLUID,  A  DIFFUSER,  SHOWN  IN  PHOTOGRAPH  1,  WAS 
INSTALLED  IN  THE  TOP  OF  THE  RUN  TANK.  THIS  DIFFUSER  ASSEMBLY 
ALSO  SERVED  AS  A  HANIFOLO  FOR  THE  FOUR,  4.2  CUBIC  FOOT  ULLAGE 
BOTTLES  WHICH  SERVED  TO  DAMPEN  PRESSURE  TRANSIENTS  DURING  THE 
TEST  RUNS. 

Flow  MEASUREMENTS  WERE  MADE  USING  TWO  FOXBORO  TURBINE  FLOWMETERS. 

The  low  rate  meter  was  used  when  operating  between  0.03  and  0.60 

POUNDS  PER  SEC0N0,  A N D  THE  HIGH  RATE  METER  WHEN  OPERATING  BETWEEN 
0.35  AND  3.0  POUNDS  PER  SECOND.  WATER  CALIBRATIONS  WERE  PERFORMED 
ON  BOTH  METERS  PERFORMING  THE  TEST  PROGRAM,  AND  THE  VALUE  OF  THE 
METER  COEFFICIENT  INCREASED  BY  0.60#  TO  COMPENSATE  FOR  THE  THERMAL 
CONTRACTION  AND  SUBSEQUENT  VELOCITY  INCREASE  WITHIN  THE  METER  HOUS¬ 
ING  WHEN  OPERATING  AT  THE  REDUCED  TEMPERATURE.  DURING  THE  PROGRAM, 
SEVERAL  DATA  POINTS  WERE  RUN  IN  THE  OVERLAPPING  RANGE  OF  THE  FLOW¬ 
METERS,  APPROXIMATELY  0.35  TO  0.60  POUNDS  PER  SECOND,  AND  THE 
MFASURED  FLOW  RATES  COMPARED,  THIS  DATA  'S  PRESENTED  IN  FIGURE  5 
AND  SHOWS  A  DISCREPANCY  OF  +1.0#  TO  -1.0#  OCCURRING  IN  THE  LIMITED 
RANGE  WHERE  BOTH  METERS  COULD  BE  OPERATED  SIMULTANEOUSLY. 

TO  MINIMIZE  TEMPERATURE  TRANSIENTS  AND  HEAT  LEAK  INTO  THE  SYSTEM, 
ALL  OF  THC  PLUMBING  BETWEEN  THE  RUN  TANK  AND  TEST  SPECIMEN  INLET 
WAS  JACKETED  WITH  L I QU I  0  HYOROGEN.  PLUMBING  DOWNSTREAM  OF  THE 
SPECIMEN  WAS  INSULATED  WITH  GLASS-MATT  OR  FOAM  INSULATIONS.  THE 
TEST  SPECIMEN  ITSELF  WAS  HOUSED  IN  A  VACUUM  JACKET,  SHOWN  IN 

Photograph  2 *,  and  this  jacket  was  pumped  continuously  through¬ 
out  THE  PROGRAM. 

★ 

For  photographs  2  and  3  see  Figures  10  and  11  page  15.  For  Figure  7 
see  Figure  7  Page  13. 
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TEST  SYSTEM  DESCRIPTION  (Continued) 


Flow  control  was  achieved  using  two  oil-inch  valves  in  parallel, 

ONE  A  LONG  STROKE  THROTTLING  VALVE  WITH  A  REMOTE  OPERATOR,  THE 
OTHER  A  MANUAL  GATE  VALVE.  THE  MANUAL  VALVE  WAS  PRE  ~SE  T  AS 
REQUIRED  TO  PROVIDE  INCREASED  CAPACITY  TO  THE  REMOTELY  OPERATED 
THROTTLING  VALVE. 


Downstream  or  the  flow  control  valves,  a  two-ihch  fast  response 
operator  VALVE  WAS  INSTALLED  TO  START  AND  STOP  THE  HYDROGEN  rLOV. 

By  PRE-SETTING  THE  FLOW  CONTROL  VALVES  AND  CONTROLLING  THE  FLOW 
DURATION  WITH  AN  INDEPENDENT  VALVE  OF  MUCH  HIGHER  RESPONSE,  IT 
WAS  POSSIBLE  TO  STABILIZE  THE  FLOW  RATE  VERY  QUICKLY  AND  HOLD  THE 
TOTAL  RUN  DURATION  AT  EACH  FLOW  POINT  TO  APPROXIMATELY  TEN  SECONDS. 
THE  HYDROGEN  TEMPERATURE  WAS  MEASURED  BETWEEN  THE  FLOWMETER  MANI¬ 
FOLD  OUTLET  AND  THE  TEST  SPECIMEN  INLET  PORT,  UTILIZING  A  RoSEMOUNT 

Engineering  Company  platinum  resistance  probe  and  matched  resistance 
bridge.  Under  the  test  conditions,  the  error  ASSOCIATED  WITH  THE 
TEMPERATURE  MEASUREMENT  IS  LESS  THAN  ±0.5°  R. 


DATA  REDUCTION 


The  RECORDED  TEMPERATURE  PROBE  RESISTANCE  DATA  WAS  CONVERTED  TO 
TEMPERATURE  VALUES  USING  THE  CURVE  SHOWN  IN  FIGURE  1.  THE  SPECIFIC 
VOLUME  OF  THE  HYDROGEN  WAS  TAKEN  AT  THE  TEST  TEMPERATURE  AND  PRES¬ 
SURE  FROM  THE  FAMILY  OF  CURVES  SHOWN  IN  FIGURE  2.* 


THE  HYDROGEN  FLOW  RATE  WAS  CALCULATED  FROM  THE  FOLLOWING  EQUATION, 
USING  THE  APPROPRIATE  METER  CONSTANT: 


C  F 

1000  v 


Hydrogen  flow  rate,  lb/sec 


F  Meter  Frequency,  Hz 

V  Specific  volume  at  test  conditions,  ft^/lb 


C  Meter  constant: 

Low  RATE  METER  0.2522 
High  rate  meter  0.5290 

Final  data  adjustments  were  made  using  Figures  3*and  4,  to  correct 
THE  TEST  DATA  TO  THE  DESIGN  INLET  CONDITIONS  OF  51°  R  AND  465  PSIA. 
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SPECIMEN  pintle:  positioning 


1.  Move  pintle  fully  closed  (against  closed  stop). 

2.  Set  dial  micrometer  to  0.000  inch. 

3.  Back  pintle  open  0.082  inch  (this  is  the  0%  open  position). 

4.  Set  dial  micrometer  to  0.000  inch.  All  subsequent  pintle 
positions  are  to  be  referenced  to  this  position. 
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is  abstract  objective  of  the  Wide  Range  Flow  Control  Program  was  to  establish 
propellant  flow  control  valve  technology  including  techniques  for  mixture  ratio 
control  for  deep  throttling  of  liquid  fluorine- liquid  hydrogen  rocket  engine  systems 
for  rated  thrust  levels  between  15  and  45K.  The  effort  described  in  this  supple¬ 
mental  report  met  the  specific  objective  of  proving  the  technique  of  controlling  the 
flow  of  liquid  hydrogen  by  means  of  a  cavitating  venturi  control  valve.  Typical 
inlet  conditions  for  the  hydrogen  during  the  tests  were  a  pressure  of  wo5  ♦_  10  psia 
and  a  temperature  of  40°  to  45°R.  The  design  mass  flow  rate  at  the  100  percent 
throttle  setting  was  2.88  l^'sec.  Although  the  hydrogen  flow  stream  was  at  a  super¬ 
critical  pressure  it  was  demonstrated  to  act  as  a  subcritical  cavitating  liquid  at 
the  low  static  pressure"  prevailing  in  the  valve  throat.  The  feasibility  of  control 
was  demonstrated  over  „  flow  range  in  excess  of  50  to  1  with  valve  overall  differen¬ 
tial  pressures  from  20  to  400  psid.  A  recovery  of  92  percent  on  the  cavitation  line 
at  full  throttle  position  was  observed.  A  discharge  coefficient  of  0.9  from  2  to  10 
percent  and  0.875  from  20  percent  through  110  percent  was  calculated  from  the  data. 
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11  SUPPLEMENTARY  notes 

This  report  supplements  the  final  report 
AFRPL-TR-68-32  dated  December  1968. 
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